Abstract: Parkinsons disease has long been knowntoinvolve the loss of dopaminergic neurons in the substantia nigra and the coincidental appearance of Lewy bodies containing oligomerized forms of a-synuclein. The "catecholaldehyde hypothesis" posits ac ausal link between these two central pathologies mediated by 3,4-dihydroxyphenylacetaldehyde (DOPAL), the most toxic dopamine metabolite.H ere we determine the structure of the dominant product in reactions between DOPAL and a-synuclein, adicatechol pyrrole lysine adduct. This novel modification results from the addition of two DOPAL molecules to the Lyss idechain amine through their aldehyde moieties and the formation of an ew carboncarbon bond between their alkyl chains to generate ap yrrole ring. The product is detectable at low concentrations of DOPAL and its discovery should provide avaluable chemical basis for future studies of DOPAL-induced crosslinking of asynuclein.
Parkinsons disease (PD) is an eurodegenerative disorder that causes debilitating loss of motor control. Thet wo pathological hallmarks of PD are the death of dopaminergic neurons in the substantia nigra region of the brain and the appearance in those neurons of proteinaceous aggregates called Lewy bodies,t he major component of which is asynuclein, a1 40-residue neuronal protein abundant at presynaptic termini. a-Synuclein is intrinsically disordered under physiological conditions,but binds to negatively charged lipid membranes through an amphipathic helical structure formed by its N-terminal domain, comprised of seven imperfect 11-residue repeats. [1] Although there is increasing evidence for roles as ac haperone in synaptic vesicle fusion and as an antioxidant, [2] [3] [4] the exact function of a-synuclein and the cause of its aggregation in the disease state are unclear. Its connection to PD,h owever, has been solidified by the discovery of multiple mutations of its gene that cause earlyonset disease. [5, 6] Given the well-established association of dopaminergic nerve loss and Lewy body formation, the potential for ac onnection between them has inspired considerable research effort and vigorous debate. [7] [8] [9] [10] The" catecholaldehyde hypothesis" suggests that an endogenous neurotoxin unique to dopamine-producing cells causes or contributes to their death in PD. [10] [11] [12] Following biosynthesis or synaptic transmission and reuptake of dopamine,i ti se ither sequestered into storage vesicles or catabolized to prevent its accumulation in the cytosol. Thef irst and obligate step in dopamine metabolism is conversion of the amine group to an aldehyde,g iving 3,4-dihydroxyphenylacetaldehyde (DOPAL), by monoamine oxidase A. Thea ldehyde is then enzymatically oxidized to ac arboxylic acid or reduced to ahydroxyl. [8, 9] Of dopamines metabolites,DOPAL is the likeliest source of toxicity.This would be expected on the basis of its chemical structure alone,w hich like dopamine and its other metabolites contains acatechol group that is prone to auto-oxidize to areactive quinone,but also features an aldehyde,afunctional group that is known to cause cellular damage by reacting with nucleophilic groups in macromolecules to generate covalent adducts that in many cases are considered to be markers of oxidative stress. [13] Extensive experimental evidence for DOPALs toxicity and potential involvement in PD has been summarized in recent work and points to its role in covalently crosslinking the highly abundant a-synuclein as apossible etiological culprit. [10, 12, 14] Despite clear evidence for DOPALs neurotoxicity,i ts reactivity toward proteins has been investigated only recently. Doorn et al. first showed that Lysisthe only residue type with significant reactivity towards DOPAL. [15, 16] In areaction with aL ys-containing model peptide,m ass spectrometry (MS) identified aproduct with amass corresponding to aDOPAL Schiff base (SB) adduct, formed by reaction of the aldehyde with ap eptidyl amine group. [15] Although this was attributed to Lys, the model peptide also contained an unprotected amine at its N-terminus.N ew work by Follmer et al. using DOPAL and a-synuclein reported MS/MS data of products formed after ap rolonged (24 hour) reaction time,i ncluding Lysadducts through both aSBlinkage and aMichael addition to the DOPAL catechol group. [17] On the basis of these two late-stage products,t he authors proposed aD OPAL-based crosslinking mechanism.
In this study,w es ought to characterize the intial adduct formed between DOPAL and a-synuclein and accordingly, we focus on the early period (< 5hours) of the reaction. We confirm Lysresidues as the primary site of reactivity,and use NMR spectroscopy and MS to characterize the predominant covalent adduct, revealing as urprising dicatechol pyrrole lysine structure.
To study the reactivity of DOPAL towards a-synuclein, we set up reactions with DOPAL (2 mm)and 1 H/ 15 N-enriched wild-type a-synuclein (100 mm), using the N-terminally acetylated form found in mammalian cells (Ac-WT aS). [18, 19] Extensive loss of signal intensity in the 1 H- 15 NHSQC spectra is observed for the N-terminal half of the protein that includes 11 Lysresidues (see Figure S1 in the Supporting Information). Thed ecrease in signal intensity for the N-terminus is attributable to the loss of native signal for Lysa nd its neighboring residues due to modification by DOPAL averaged over many different sites,resulting in heterogeneous line broadening ( Figure S2 ). This latter effect is caused by modification of any of the Lysresidues causing small chemical shift changes throughout the protein, analogous to what is observed upon mutating ar esidue. [20] Analysis of DOPAL reaction products with Ac-WT aS by liquid chromatography-mass spectrometry (LC-MS) was carried out using protein at natural isotopic abundance,a nd aliquots were withdrawn from the reaction at 60 minute intervals and subjected to LC-MS without prior purification. Thec hromatograms show the progressive loss of native protein over time,and the appearance of arelatively heterogeneous species that elutes at higher acetonitrile concentration ( Figure 1A ). Based on an extensive literature of reactions between Lysa nd aldehyde groups,w ee xpected to observe am ass increase of + 134 Da for the modified synuclein, corresponding to the formation of aS Bb etween aL ys sidechain amine group and the DOPAL aldehyde. [15] Surprisingly,t he modified protein showed ac lear and homogeneous difference of + 266 Da over the native mass, with no detectable SB adduct. By contrast, the same analysis for a-synuclein lacking N-terminal acetylation shows,i n addition to the + 266 Da product, a + 134 Da modification ( Figure S3 ), indicating that significant SB base adduct formation in the early stage of the reaction monitored here occurs only at the N-terminal amine,w hich is not freely available in the physiological, N-terminally acetylated form of the protein. [18, 19] As synuclein contains 15 lysine residues,detailed analysis of its reaction products with DOPAL is complicated, and we therefore continued our investigations with the simplest possible model system:Na-acetylated lysine (Ac-Lys). Reactions were carried out at aconcentration (1.5 mm)equivalent to the reactions with 100 mm Ac-WT aS (15 Lysp er protein) described above and the same DOPAL concentration. As for Ac-WT aS,t he reaction with Ac-Lys shows the progressive increase of ap roduct eluting at higher acetonitrile concentration than the reactants,w ith am ass of 454.1735 Da (corresponding to an m/z ratio of 455.1962 in positive ion mode), or a + 266.0574 Da increase over the Ac-Lys mass of 188.1161 Da ( Figure 1B) .
Purification from larger-scale reactions by reverse-phase chromatography enabled the use of standard small molecule NMR techniques to determine the structure of the reaction product. LC-MS on the purified material showed the expected elution time and + 266 Da mass increase over AcLys( Figure S4 ). Purity of the final sample was > 90 %, as judged by its 1D
1 HNMR spectrum and the LC-MS chromatogram.
Analysis of the NMR data led to the unambiguous determination of the products structure (Figure 2A) , which results from the addition of two DOPAL molecules to the Lys sidechain amine and formation of ap yrrole ring containing the LysN z and the carbon atoms of the two DOPAL alkyl groups.C hemical shifts and scalar couplings are listed in Table S1 , full NMR spectra are shown in Figures S5 and S6 , and the key features of the dicatechol pyrrole lysine (DCPL) adduct are illustrated in Figure 2B -D and described below.
There are seven aliphatic signals in the DCPL 1D 1 H spectrum ( Figure 2B) (Figure 2B and  D) . Integration of the signals in the 1D 1 Hspectrum confirms that there are two of each ring proton for each lysine molecule (Table S1) .
Thep yrrole structure of the DCPL adduct is revealed most clearly by the downfield 1 Hsinglet without an analog in the spectrum of unmodified DOPAL or Ac-Lys (labeled 1in Figure 2 ). This pyrrolic singlet shows as trong NOE to H e of Figure 1 . LC-MS analysis of DOPAL reactions with A) Ac-WT aS and B) Ac-Lys. Samples were taken from reactions at 30 or 60 minute intervals and subjected to reverse-phase chromatography and electrospray ionization mass spectrometry.A)DOPAL reacts with Ac-WT aS, leading to the progressive loss of native protein (marked by an asterisk in the chromatogram, m/z = 14 502) and appearance of product at later retention time with aheterogeneous elution profile. The inset shows the deconvoluted mass spectrum extracted from the latest reaction time point and the LC region indicated by the shaded square, illustratingthe homogeneousmass of the protein adduct, with ad ifference of + 266 Da over native Ac-WT aS. B) DOPAL reacts with Ac-Lys to give asingle major product. The deconvoluted mass spectrum from the latest time point and the LC region denoted by the shaded box is shown as an inset, with the predominant observed mass corresponding to a + 266 Da increase over unmodified Ac-Lys.
the modified Ac-Lys sidechain and 1 H- 13 CH MBC correlations to the C3 carbon at the base of the catechol ring and C e of the modified Ac-Lys,m arking its role as the connective moiety ( Figure 2C ). Despite its lack of observable 1 H-1 H splitting,w ew ere able to measure ac onnection to the modified Ac-Lys H e using a150 ms constant-time (CT) 1 H-1 H COSY experiment designed to measure long-range scalar coupling transfers ( Figure 2C ). In the 1 H- 13 CH MBC spectrum ( Figure 2C ), the predominant feature is ac rosspeak to ac arbon at 123.9 ppm (labeled 2). This carbon lacks an attached proton, is weakly coupled to the catechol ring protons ( Figure 2D ), and has no analog in the spectra of the reactants.I na ddition, the pyrrolic singlet shows au nique auto-correlation in the 1 H-13 CH MBC spectrum, ac rosspeak at the position of ad iagonal, representing magnetization transfer from 1 Ht o 13 Cb ut without the large splitting from one-bond 1 H- 13 Cs calar coupling.T his crosspeak arises from the correlation of the signal through multiple bonds to its symmetric partner,a nd confirms the stoichiometry of two catechol rings to one Ac-Lys deduced from integration of the 1D 1 Hpeaks.F inally,the 184 Hz 1 J HC splitting of the pyrrolic signal is consistent with an alkene carbon.
We were able to confirm the DCPL structure by MS/MS spectra collected in both positive and negative ion mode ( Figure S7 ). DCPL is formally named 2-acetamido-6-[3,4-bis (3,4- Figure S8 .
Formation of DCPL in live reactions can be monitored directly from 1D 1 HNMR spectra ( Figure S9 ). Integration of its NMR signals shows that the concentration of DCPL produced in our standard reaction with 2mm DOPAL and 1.5 mm Ac-Lys increases roughly linearly over the first 2.5 hours before slowing to reach am aximal value of 124 mm at 5hours ( Figure 3A) . Thep lateau in DCPL formation presumably results from ac ombination of pathways-oxidative degradation, further reactions with DOPAL, and reactions between DCPL molecules-that compete with its production. While two DOPAL molecules are required in the formation of DCPL, the initial rates are linearly dependent on the DOPAL concentration over the NMRaccessible range ( Figure 3B ). Maximal amounts of DCPL also increase linearly with DOPAL concentration (Figure 3C) , except at the high and very low ends of the observed range where they increase more slowly.A tl ower concentrations of DOPAL, this nonlinear increase may reflect the buildup of an intermediate species that is more transient when DOPAL is not al imiting reactant. Notably,w ea re able to observe DCPL formation by NMR in reactions with only 25 mm DOPAL. With LC-MS,D CPL is observable in extracted ion chromatograms for reactions at 10 mm DOPAL (data not shown), near the physiological 2.3 mm concentration for healthy cells.D OPAL levels are much higher in diseased cells,o wing to a7 0% loss in DOPAL breakdown by aldehyde dehydrogenase and up to a9 0% decrease in the vesicular uptake of dopamine. [10] Formation of DCPL in reactions with Ac-WT aS was confirmed and quantified by Ehrlichs assay,asimple and specific colorimetric method for measuring pyrrole groups.In reactions with 2mm DOPAL and 100 mm Ac-WT aS,D CPL production increases nearly linearly at first, followed by ap lateau at later time points (Figure 3D ), as seen with AcLys. Them aximal amount of DCPL observed is 46 mm,o r 37 %o ft hat observed in reactions with an equivalent concentration of Ac-Lys,w hich may reflect an intrinsically lower reactivity of the Lysr esidues of a-synuclein or an increase in the rate of breakdown and/or crosslinking due to the high effective local concentration of Lysa nd other possible reactive residues.W ealso analyzed DOPAL-reacted Ac-WT aS by MS/MS of trypsin-digested peptides.W ith overnight proteolysis of the modified protein, we were able to identify DCPL adducts at two Lysresidues,L ys12 and Lys23 ( Figures S10 and S11) . By shortening the trypsin digestion to 1h our, we were able to confirm these adducts,a nd identify athird DCPL site at Lys21 (data not shown). Thepreferential detection of DCPL adducts at N-terminal Lysresidues agrees well with the pattern of amide signal loss in Figure S1 , and suggests that the reactivities of individual Lysr esidues in asynuclein may vary,p ossibly as ar esult of the local primary sequence or differences in accessibility because of transient conformations.A lternatively,D CPL adduct stability may vary by location, which could bias the results of assays that detect DCPL rather than aloss of native Lys.
Tw op ossible mechanisms that provide chemically reasonable explanations for DCPL pyrrole ring formation are shown in Figure S12 . Both are driven by auto-oxidation of the DOPAL catechol ring followed by isomerization to aquinone methide and have asimilarity to the well-known Paal-Knorr pyrrole synthesis.
TheD CPL adduct is highly reactive and ap otential scaffold for DOPAL-induced crosslinking.I nr eactions with DOPAL and Ac-Lys,D CPL reaches am aximum level at 6hours and then decreases by half over the next 18 hours ( Figure S13 ), presumably through oxidative decomposition and the formation of crosslinked species.I nt he case of aD CPL adduct on synuclein, where the effective concentration of proximate reactive residues in the intrinsically disordered protein is orders of magnitude higher, further reaction of DCPL should be significantly more efficient, and may explain why it has escaped detection in an earlier study by Follmer et al. that used much longer incubations with DOPAL. [17] Under the buffer conditions used by Follmer et al.,w es till find that DCPL is the only observable initial adduct in reactions with Ac-WT aS ( Figure S14 ), Ac-Lys (data not shown), and for an Na-acetylated Lys-Lys dipeptide ( Figure S15 ). DCPL is also highly light sensitive ( Figure S16) , and reactions in our study were performed in the dark to prevent photodegradation. Our ready detection of aS B adduct at synucleins unprotected N-terminal amine (Figure S3) suggests that this group behaves distinctly from the lysine amine,p erhaps owing to their very different pK a values, [21] and may explain the prior detection of aS B adduct in reactions with an on-acetylated peptide. [15] TheD CPL structure provides av aluable chemical basis for future studies of DOPAL-induced aggregation and crosslinking of a-synuclein. There is increasing evidence that asynuclein oligomers play am ore important role in PD etiology than fibrils,e ither by proving toxic to cells directly or by providing nucleation points for the formation of smaller and less homogeneous aggregates that are more deleterious. [22] Thep yrrole and catechol rings of the DCPL adduct and their potential to polymerize after further oxidation suggest an interesting potential mechanism of a-synuclein oligomer formation in dopaminergic neurons.I ta lso raises the possibility that the widely used clinical monoamine oxidase inhibitors,w hich can delay the onset of PD,m ay function by suppressing the production of toxic DOPALinduced oligomers,inaddition to the accepted mechanism of increasing the levels of biogenic amine neurotransmitters. [10] 
